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[i] Climate research relies on realistic atmospheric data over long periods of time. Global 
reanalyses or observations are commonly used for this type of work. However, the 
many problems associated with both the reanalyses and observations cast doubts on the 
reliability of such data for climate applications, and users often need to know how 
large the errors and uncertainties associated with the different data sets are. This paper is a 
systematic assessment of the errors and uncertainties contained in the time mean 
(1979-1999) of many different climate quantities taken from a variety of global data sets, 
including four popular reanalyses, the output of the climate model developed at the 
Geophysical Fluid Dynamics Laboratory (GFDL), and a wide range of observations. We 
find that the ability of reanalyses to reproduce the observed climate mean state varies 
widely, with radiative quantities exhibiting the largest discrepancies. The different 
reanalysis products share many common errors, but overall the European Centre for 
Medium-Range Weather Forecasts 40-year reanalysis (ERA-40) matches best the 
observations. Interestingly, the climate model reproduces the observed climate mean state 
of certain quantities more faithfully than the reanalyses. This indicates that modem 
models have reached a high level of realism in their mean state and that care must be taken 
when reanalyses are used to validate models. A particular concern of this paper is the 
time mean uncertainty associated with specific observation-based atmospheric quantities.
Observational uncertainties are estimated from the difference amongst alternative data sets 
for the same quantity. We show that for most quantities the observational uncertainty is 
smaller than the error of the reanalyses or the model. However, there are some notable 
exceptions. In particular, for the surface fluxes of heat, momentum, and radiation the 
observational uncertainties can be as large as the errors seen in the reanalyses or the 
model. The investigation of uncertainties in upper atmospheric quantities is restricted to 
reanalysis and model data, since no appropriate observations are available. In this case, the 
reanalyses uncertainties are generally smaller than the model errors, except for 
quantities which describe the meridional component of the atmospheric circulation.
Citation: Reichler. T.. and J. Kim (2008). Uncertainties in the climate mean state of global observations, reanalyses, and the GFDL 
climate model. J. Geophys. Res., 113, DOS 106, doi: 10.1029/2007JD009278.
1. Introduction
[2] M ultidecadal da ta  sets that accurately  describe the 
state o f  the g lobal atm osphere are a com m on need  in  clim ate 
research . F or exam ple, tes ting  and valida ting  clim ate  m o d ­
els requ ires access to  g lobal clim ate data  fo r m any d ifferent 
quantities. G lobal atm ospheric  reanalyses are o ften  used for 
th is type o f  w ork, in particu lar w hen  rea l observations are 
unavailable, o r w hen  con tinuous spatia l and  tem poral co v ­
erage is m andatory . R eanalyses are the p roduct o f  num erical 
da ta  assim ilation , com posing  past observations o f  various 
sources to  a dynam ically  consisten t th ree-d im ensional p ic­
ture o f  the a tm osphere at specific tim e intervals. A  varie ty  o f
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reana ly ses  from  d iffe ren t cen te rs a round  the w o rld  are 
availab le  to the research  com m unity . F rom  the user per­
spective, th is cho ice  raises the fo llow ing  questions: W hat 
are the specific strengths and w eaknesses o f  the ind iv idual 
products in  dep ic ting  the real state o f  the atm osphere , and 
w hich  p roduct should  be  used fo r a specific application?
[3] A lthough  reanalyses have substan tia lly  im proved  over 
tim e, m ain ly  ow ing  to the use o f  m ore realistic  m odels and 
the inc lusion  o f  add itional observations [K anam itsu e t al., 
2002; U ppala e t a l., 2005], there are still a  varie ty  o f  
lim itations associated  w ith  reanalyses, ra ising  doub ts about 
their usefulness for clim ate studies. D uring  the assim ilation  
process, m ultip le  sources o f  errors can  affect the quality  o f  
the reanalyses: T he genera l difficulty  in com bin ing  he te ro ­
g eneous o b serv a tio n s o n to  a reg u la r g rid , uncerta in ties 
reg a rd in g  the a ss im ila tio n  m odel, and  the q u a lity  and  
d is tribu tion  o f  the underly ing  observations [Bengtsson et
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Table 1. Reanalyses and Model Data Considered in This Study8
Name Acronym Reference
National Centers for Environmental Prediction (NCEP)/National Center 
for Atmospheric Research (NCAR) reanalysis
NNR Kitlmty et al. [19961
NCEP/Department o f  Energy (DOE) reanalysis NDR Kanamitsu et at. |2002|
European Centre for Medium-Range Weather Forecasts 40-year reanalysis ERA Uppala et at. 120051
Japanese 25-year reanalysis JRA Onugi et at. [20071
GFDL CM2.1 coupled climate model (one member o f  20C3M ensemble) GFD Delworth et al. [20061
"The base period for all reanalyses and model data was 1979-1999.
al., 2004], T he resu lting  problem s have been d iscussed  in a 
num ber o f  studies. F or exam ple, M arshall [2003], Renwick
[2004], Bengtsscm e t al. [2004], and Trenberth e t al. [2001] 
all show ed that reanalyses are o f  lim ited usefu lness for 
clim ate stud ies because o f  spurious trends in troduced by 
changes in the observation  system . M oreover, d ifferen t 
reanalyses lead som etim es to  inconsisten t resu lts [Betts et 
a l., 2006; B rom w ich a n d  F ogt, 2004; M arshall, 2002; 
N ewm an e t a l., 2000; Sterl, 2004], indicating  that at least 
one o f  the p roducts is Hawed in som e aspect.
[4] F o r a lim ited num ber o f  quan tities, real observations 
are a lso  available. H ow ever, like reanalyses, observations 
are  n o t perfect. F o r exam ple , m ost o b serv a tio n s suffer 
instrum ent and p rocessing  problem s. In addition , observa­
tion-based  global data  sets are often derived from a few 
localized  m easurem ents, and statistical approxim ations are 
used  to fill the gaps. Local observations, how ever, are no t 
alw ays good  represen tatives for their surroundings. A lso , 
som e quantities cannot be d irectly  m easured , bu t are instead 
derived  from o ther observations, m ultip ly ing  the uncerta in ­
ties in the final result. A no ther severe lim itation o f  m any 
observations is that their tim e period  covered  is often too 
short to be useful for clim ate applications.
[5] T he presen t study w as m otivated  by the need  to  better 
understand  the uncertain ties associated  w ith  g lobal reanal­
y ses  and observa tions in the co n tex t o f  c lim ate  m odel 
va lid a tio n . C lim ate  m odels are  co n tin u o u sly  im proved . 
M ost curren tly  availab le  reanalyses, on the o ther hand, 
depend  on system s designed m any years ago , w hen data 
assim ilation  and a tm ospheric  m odeling  w as less advanced . 
T his d iscrepancy  m ay lead to m odels gradually  ou tpacing 
the reanalyses. A s poin ted  ou t before, g lobal observations 
are also  prob lem atic , and one often w ishes to better u n d e r­
stand how  large their uncerta in ties are. In the p resen t study, 
w e address these issues from one specific angle: We focus 
exclusively  on the tim e m ean state o f  clim ate. In particular, 
w e investigate the uncertain ties in the clim ato log ies o f  m any 
quantities, derived from a variety  o f  p roducts, including a 
w ide  range o f  m odem  observations, four d ifferen t reanalysis 
da ta  sets, and the ou tpu t o f  one sta te-of-the-art clim ate 
m odel.
[a] T his paper is structured  as follow s: In sections 2 and 
3, w e describe the data  and the m ethods. In section 4, w e 
presen t an illustrating  exam ple, and in section  5, w e show  
the system atic errors o f  the reanalyses. T he m ain resu lts o f  
th is study (the errors and uncerta in ties o f  observations, 
reanalyses, and m odel) are presen ted  in section 6. Section
7 com pares the uncerta in ties seen in the individual p roducts. 
Section 8 attem pts to  quantify  the overall errors seen in the
differen t reanalyses. Section 9 contains a sum m aiy  o f  our 
findings and som e conclusions.
2. Data
[7] In  th is  stu d y  w e  co m p ared  c lim a to lo g ie s  o f  four 
d ifferen t reanalyses (Table 1). F irst, w e used  the N ational 
C enters for E nvironm ental Prediction  (N C E P )/N ational C en ­
ter for A tm ospheric  R esearch reanalysis [K alnay e t al., 1996] 
(N N R ), w hich  is the first atm ospheric  reanalysis perform ed 
over a long period  o f  tim e. N N R  is still w idely  used  in clim ate 
and a tm ospheric  studies. Second, w e investigated  the N C E P / 
D epartm en t o f  E nergy  reanalysis [K anam itsu  e t al., 2002] 
(N D R ), w hich is sim ilar to  N N R , except for som e bug  fixes 
and m inor im provem ents. N N R  and N D R  both have a  base 
resolution  o f  T62 w ith 28 vertical levels, and are considered  
first generation  products. T hird , w e included the E uropean 
C entre for M ed ium -R ange W eather Forecasts (E C M W F ) 
40 -year reanalysis [U ppala e t a l., 2005] (E R A ), w hich  is 
considered  to  be a  second  genera tion  reanaly ses. E R A  
attem pts to im prove m any o f  the p roblem s encountered  
w ith  th e  p rev io u s  rean a ly se s , and  it features a h ig h er 
horizontal and vertical reso lu tion  (T 159, 60 levels) than 
N N R  and N D R . Fourth , w e used  the Japanese 25-year 
reanalysis [O nogi e t a l., 2007] (.TRA), w hich  represen ts 
the la test genera tion  o f  reanalyses. .TRA has a spectral 
resolution  o f  T106 w ith  40  vertical levels, and assim ilates 
m ore observations than N N R , N D R , and E R A . A no ther 
m ajo r reanalysis project, the E R A -15 [G ibson e t al., 1997], 
p roduced  by E C M W F, w as no t considered  in this study 
since it covers a shorter period o f  tim e and  since it w as 
entirely  superseded  by the m ore m odem  ERA .
[s] We also  included the ou tpu t o f  one state-of-the-art 
coupled  clim ate m odel in our in tercom parison. T his p ro ­
v ides a  benchm ark  against w hich  the errors seen in the 
reanalyses can be com pared. T he selected  m odel ou tpu t is 
one m em ber integration o f  the "c lim ate  o f  the tw entieth  
cen tu ry ” sim ulation  by the CM 2.1 m odel [D elw orth e t al., 
2006], developed  a t the G eophysical F lu id  D ynam ics L ab ­
oratory  (G FD L ). T his data  set w ill be denoted  by G FD .
[9] Table 2 p rov ides an overview  o f  the clim ate quantities 
included in our in tercom parison and the observational data  
sets used . M ost quantities w ere  horizontal fields o f  global 
extent. O thers only  covered the g lobal oceans, and still 
o thers  w ere  zonal m ean  la titu d e -h e ig h t cross sec tions, 
rang ing  from 90°S to  90°N  and from 1000 and 100 hPa. 
On the basis o f  the availab ility  o f  va lida ting  observations, 
w e d iv id ed  the q u an titie s  in to  tw o  g ro u p s . Q uan titie s  
be long ing  to the first group  w ere  validated  against real 
observations. A cco rd ing  to  the p redom inan t nature o f  its
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Table 2. Climate Quantities Analyzed in This Study8
Quantity v Domain Acronym Units Validating Observations Oy_5
Physics
Surface air temperature global TAS K CRU, ICOADS, NOAA
Zonal/meridional surface wind stress ocean TAUU, TAUV u r 2 N n r 2 GSSTF2, ICOADS
Sea level pressure ocean PSL hPa HRSLP, HADSLP, ICOADS
Surface sensible/latent heat fluxes ocean HFSS, HFLS w  n r 2 GSSTF2, HOAPS2, ICOADS, 
JOFURO, OAFLUX
Total cloudiness global CLT % CI;RI;S ISCCPV_/ J—.1V J—.'kj* ^  J. V_/ V_/ I
Surface radiation (up/down, global RSDS, RSUS, W n r 2 BSRN, CHRHS, GHBA, ISCCP
shortw'ave/longwave) RLDS, RLUS
TOA outgoing shortwave radiation global RSUT w  n r 2 CERES ERBE ISCCP
TOA outgoing longwave radiation global RLUT W n r 2 CHRHs’ HRBIi’ ISCCP, NOAA
TOA cloud radiative forcing global CFLT, CFST W n r 2 CERES ERBE ISCCP
Precipitation global PR mm/d CMAP, GPCP
Precipitable water global PRW mm HOAPS2, NVAP
Air temperature zonal mean TA K AIRS
Dynamics
Specific humidity zonal mean HUS g^kg HRA
Zonal/meridional wind 200 hPa global U200, V200 m/s HRA
Stream function 200 hPa global \  200 106 m2 s_1 HRA
Velocity potential 200 hPa global 0200 106 m2 s_1 HRA
Temperature 200 hPa global T200 K HRA
Geopotential 500 hPa global Z500 gpm HRA
Stationary waves 500 hPa global SW500 gpm HRA
Zonal/meridional wind 850 hPa global U850, V850 m/s HRA
Zonal mean zonal/meridional wind zonal mean UA, VA m/s HRA
Mean meridional mass stream fiinction zonal mean MMC 109 kg/s HRA
"Quantities listed as "zonal m ean" are latitude (90°S-90°N )-height distributions o f  zonal averages on 12 atmospheric pressure levels between 1000 and 
100 hPa. Because o f limitations o f NNR and NDR, specific humidity (HUS) was only calculated between 1000 and 300 hPa. Quantities listed as “ global" 
or “ ocean" are global single-level fields for the respective regions. SW500, the stationary waves at 500 hPa, are calculated from 500 hPa geopotential 
heights (Z500) minus zonal mean o f  Z500. The mean meridional stream function (MMC) was calculated as described by Lu el al. |2007|. Cloud radiative 
forcing for longwave and shoifwave (CFLT, CFST) is defined as the difference betw'een total and clear sky forcing at the top o f  the atmosphere. See Table 3 
for more information on the validation data sets.
m em bers, this group  w ill b e  sim ply  referred  to  as “ physics” 
group. T he second  group  is m ostly  com posed  o f  upper air 
dynam ical quan tities, fo r w h ich  no  rea l observations w ere 
available. W e w ill refer to th is group  as “ d ynam ics” group.
[ 10] T he “ ph y sics”  g roup  encom passes 18 quantities, 
m ost o f  w h ich  characterize the therm odynam ic state o f  the 
a tm osphere and the rad ia tive  energy  passing  th rough  it. A ll 
quantities in this group w ere  com pared  against observation- 
based  data  (hereafter sim ply  “ observa tions” ), gathered  by  
satellites, g round-based  instrum ents, o r a  com bination  o f  
bo th . The m ajority  o f  the “ physics”  quantities w ere va li­
dated  against m ultip le  obseivations, w h ich  allow ed us to 
estim ate the reanalysis errors as w ell as the observational 
uncertain ty  associated  w ith  a  particu lar quantity. In  o rder to 
b e  useful as va lidation  data, these observations had  to  m eet 
certain  requ irem en ts, such  as sufficient g lobal and tem poral 
coverage and independence  from  the reanalyses. U nfortu­
nately, it w as no t alw ays possib le  to find adequate  obser­
vations tha t fu lfilled  all those  requ irem en ts, and as outlined 
be low , certa in  com prom ises in term s o f  th e  v a lid a tio n  
p rocedure w ere som etim es unavoidable.
[n ]  W e also  included  13 “ d ynam ics”  quantities in our 
in tercom parison , m ostly  describ ing  the circu lation  o f  the 
free atm osphere . In  this case, w e chose to  consider quan ti­
ties tha t are com m on ly  used  fo r the testing  o f  clim ate  
m odels. B ecause o f  the lack  o f  true verify ing  observations, 
w e com pared  th is g roup  o f  quan tities against the E R A  
reanalysis. The decis ion  to  use E R A  as reference  w as based  
upon the good perform ance o f  the E R A  reanalysis fo r the 
“ physics”  quantities. A s a  d isadvan tage  o f  th is approach , it
w as im possib le  to  verify  E R A  them selves o r to ob ta in  
estim ates o f  observationa l uncertain ties.
3. Error Calculation
[u ]  T his in te rcom parison  is b ased  on  seasona l m ean  
c lim ato log ies (D JF, M A M , JJA , and SO N ), w h ich  in  m ost 
cases w ere  derived  from  m onth ly  m ean  data. (T he B SR N  
clim atology, the only  excep tion , w as derived  from  h igh- 
frequency  (m inute  in tervals) input data.) T he clim ato log ical 
base  period  fo r m ost data  (reanalyses, m odel, observations) 
w as 1 9 7 9 -1 9 9 9 . H ow ever, because  o f  restric tions im posed 
b y  the availab le  data, som e o f  the valida ting  observations 
c o v e r  so m ew h a t d if fe re n t b a se  p e rio d s  (T ab le  3). A s 
exp la ined  below , w e in v estiga ted  th e  im pact o f  tak ing  
c lim ato log ies over d ifferen t tim e periods and found  that 
the resu lting  d ifferences w ere  neglig ib le.
[ 13] In  o u r term inology , the resu lting  clim ato log ies are 
f ,y ,„ and o aqsn. H ere, the overbar indicates (tim e) averaging, 
and (r) indicates the reanalysis o r the m odel used, (o) the 
valida ting  observations, (q) the clim ate quantity , (?) the 
season , and (/;) the grid  point. I f  m ultip le  observations for 
th e  sam e q u an tity  w ere  av a ilab le , w e  in te rp o la ted  the 
d ifferen t observations to  a com m on grid  and took  the m ean  
o ver all availab le  clim ato log ies to  fo rm  a new , b es t obser­
vational estim ate, o r in  m ore  m athem atical term s, o  =  o^". I f  
a t certain  grid  points som e observations w ere  m issing , w e 
sim ply  used the m ean  over the rem ain ing  observations. This 
av e rag in g  tech n iq u e  is s im ila r to  tak in g  en sem b le  and 
m ultim odel averages in w eather and clim ate forecasting .
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Table 3. Observations and Base Periods for Calculating the 
Climatologies
Name Reference Period
AIRS Chahine el al. [2006] 2002-2006
BSRN Ohmura el al. [1998] variable
CHRHS Wielicki el a l  [1996] 2000-2005
CMAP AW and Arkin [1996] 1979-1999
CRU Jones el al. [1999] 1979-1999
HRA Uppala el al. [2005] 1979-1999
HRBH Barkstrom [1984] 1985-1989
HRSLP Smith and Reynolds [2004] 1979-1999
GHBA Gilgen and Ohmura [1999] variable
GPCP Adler et al. [2003] 1979-1999
GSSTF2 Chou et al. [2003] 1988-1999
IIADSLP Allan and Ansel 1 [2006] 1979-1999
IIOAPS2 Grass! el al. [2000] 1988-1999
I COADS Woodruff el al. [1987] 1979-1999
ISCCP Rossow el a !  [1996], 1984-1999
Zhang el al. [2004]
JOFURO Kubota et al. [2002] 1991-1998
NO A A Smith and Reynolds [2005] 1979-1999
NO A A Liebmann and Smith [1996] 1979-1999
NVAP Randel el a! [1996] 1988-1999
OAFLUX Yu and Weller [2007] 1981-1999
w hich , because o f  the cancella tion  o f  random ly  d istributed  
errors, is generally  superio r to  using  resu lts from individual 
sim ulations [R eichler an d  K im , 2008],
[ 14] P rio r to  ca lcu lating  errors, w e in terpolated  the re ­
analysis and m odel clim ato log ies to the observational grid 
and  calculated  the d ifference d  =  r  — o. O ur m ost basic 
m easure  o f  error w as the m ean  bias b, defined  by b  = 
T,„w„d„. H ere , w„ a re  p ro p e r  w e ig h ts  n eed ed  for th e  
averag ing , tak ing  into accoun t the d ifferen t area and m ass 
rep resen ted  by the grid po in ts as one goes po lew ard  and 
upw ard, respectively.
[is] W e also  em ployed the norm alized  error variance /s2, 
defined  by
e 2 =  y ,„ w „ d ; /a ; .  ( i)
H ere, <r2 is the interannual variance  a t grid po in t («), derived 
from the observations. T he norm alization  w ith the in ter­
annual variance w as crucial since it nond im ensionalized  the 
resu lts and helped to  m ake the errors from  differen t reg ions 
and  q u an titie s  m ore  com parab le . (T he ad v an tag es  o f  
norm alized  and nondim ensional m easures o f  errors in the 
con tex t o f  m odel va lida tion  are  d iscussed  in m ore detail by 
Watterson [1996].) I f  m ultip le  observations w ere  availab le  
for the sam e quantity , <r2 w as derived from the data  set w ith 
the longest availab le  record . P rio r to using  <r2, grid po in t 
values o f  zero  w ere set to m issing  and  the field w as spatially  
sm oothed using a runn ing  box average  filter. W e no te  that 
the no rm alization  can a lso  be perform ed using the spatial 
v a rian ce  o f  th e  c lim ato log ica l m ean . T h is a lternative  
approach  has been p rev iously  used by Watterson an d  Dix
[2005] and W atterson et al. [1999],
[lb] L astly , in som e o f  ou r analysis, w e a lso  utilized the 
o rdinary  (i.e., d im ensional) error variance
e2 =  S  „w„d2 . (2)
[)?] W hen d isp lay ing  our results , w e actually  used E  o r e, 
w hich  are  the norm alized  and n o n nonnalized  roo t m ean 
square (R M S ) errors, respectively . H ow ever, it is im portant 
to no te  that all statistical m anipu la tions (e.g ., averag ing) 
w ere  perform ed on the original squared  quantities. Spatially, 
the various error m easures w ere  e ither calculated  globally  
(G L ) or for specific latitude bands correspond ing  to the 
N o rth e rn  E x tra tro p ic s  (N H ) ( 3 0 - 9 0 ° N ) ,  T ro p ics  (T R ) 
(3 0 °S -3 0 °N ) and Southern  E x tratrop ics (SH ) (9 0 -3 0 °S ) .
[is] T he valida tion  w ork  invo lv ing  observations from 
B SR N  [O hm ura e t a l., 1998] and  G E B A  [G ilgen an d  
O h m u ra , 1999] req u ire s  so m e  a d d itio n a l ex p lan a tio n . 
B SR N  and G E B A  are h igh-quality  surface rad iation  m eas­
urem ents taken  at various d is tinc t stations. S ince the stations 
are spatially  unevenly  d istribu ted , w e only selected  data  
from  a su b sam p le  o f  s ta tio n s  in  o rd e r to  ach ie v e  an 
a p p ro x im a te ly  even  g lobal cov erag e . T he  n u m b e r and  
loca tion  o f  inc luded  sta tio n s d iffered  from  qu an tity  to  
quantity. W e validated  reanalyses and m odel da ta  against 
these station  data  by linearly  in terpo lating  the nearest grid 
po in ts to  the geographic  station locations. W hen  form ing 
m ultiobservational m eans, da ta  from G E B A  and B SR N  
w ere  excluded  because o f  their p o o r spatial coverage.
4. Illustrating Example
[ 19] W e start by illu s tra ting  our v a lid a tio n  p rocedu re  
using one specific , w ell observed quantity : the ou tgo ing  
shortw ave rad iation  at the top  o f  the a tm osphere (T O A ) 
(R SU T ). W e first s tudy  th e  observa tiona l uncerta in ties 
associated  w ith  th is quantity  and then  com pare the annual 
m ean  R S U T  clim ato log ies from the three availab le  obser­
vations (C E R E S, E R B E , ISC C P) (F igure 1, top). A t first 
sight, the basic patterns d isp layed  by these clim ato log ies are 
sim ilar. H ow ever, there exist sub tle  d iscrepancies, w hich 
becom e clearer w hen  tak ing  d ifferences (F igure 1, bottom ). 
F o r exam p le , over m ost land  su rfaces, IS C C P  exh ib its 
sm aller va lues than  E R B E  and C E R E S. T hese and o ther 
d iffe ren ces  a re  re la ted  to  v a ria tio n s  in th e  u n d erly in g  
observation  system s, re triev ing  a lgorithm s, and  base periods 
over w hich the clim ato log ies w ere calculated  (Table 3). I f  
the observational uncertain ty  is taken  to be the global R M S 
error e  am ong  the d ifferen t observations, then  this uncer­
tain ty  is on the order o f  10 W  tr T 2 for RSUT.
[20] W e now  use the above three observational estim ates 
o f  R S U T  to com pare the 1 9 7 9 -1 9 9 9  annual m ean  c lim ato l­
ogies o f  the four reanalyses and the m odel ou tpu t (F igure 2 ). 
T he first th ree co lum ns d isplay  the d ifferences betw een 
rean a ly se s  and  o b se rv a tio n s , o r dro, w ith  r  =  1 . . .  5 
(includ ing  G F D ), and o  =  1 . . .  3. A ll reanalysis products 
ex h ib it a  genera l tendency  o f  p o sitiv e  b iases o v e r the 
tropical and  subtropical oceans, and predom inan tly  negative 
b iases over the rem ain ing  areas. O ther com m on features 
are negative b iases over the coastal upw elling  reg ions and 
the Saharan  dessert. T hese resu lts a re  largely independent 
o f  o u r choice o f  v a lid a tin g  observations. T he resu lting  
global R M S errors are sm allest for JR A  (1 6 - 1 7  W  m - 2 ) 
and largest for N N R  (2 0 - 2 8  W  tr T 2). U sing  an app rox i­
m ate m ean  value  o f  20 W  m -2 , these R M S errors are about 
by a  factor o f  tw o larger than  the R M S error am ongst the 
th ree  o b se rv a tio n s . W e co n c lu d e  th a t in th is  case  th e
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Figure 1. O bserved  annual m ean  clim ato logy  o f  ou tgo ing  shortw ave rad iation  a t the top o f  the 
a tm osphere (R SU T). Show n are (top) full fields and  (bo ttom ) d ifferences am ong  the three observations. 
N um bers in the low er righ t com ers indicate (top) spatial m eans and (bo ttom ) R M S errors e  for the four 
reg ions (G L , N H , TR , and  SH ). G rey shad ing  indicates insuffic ien t data. U n its  are W  rrT 2.
d  ---------------------------------------------------------------------------------- ► — oro CERES ERBE ISCCP dr
-40 -20 0 20 40
Figure 2. D ifferences (dru) in annual m ean  R S U T  clim ato log ies betw een  the five products (N N R , N D R , 
E R A , JR A , and G F D ) and three d ifferen t observations (C E R E S, E R B E , ISC C P). L ast colum n ( d ")  
show s the m ean  d ifference over all three observations; ha tch ing  indicates insign ifican t (t  test at 5%  error 
level) d ifferences. N um bers in low er righ t com ers are R M S errors e  (G L , N H , TR, and  SH ). G rey shading 
indicates insufficient data. U n its  are W  r rT 2.
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observationa l uncertain ties are re la tive ly  sm all and tha t the 
observations can  be  used to  validate  the reanalyses.
[21] F igure 2 (bo ttom  row ) show s the com parison  o f  the 
m odel (G FD ) against the observations. The error patterns o f  
m odel and  reanalyses share som e com m on features, for 
exam ple the negative  b iases over the upw elling  reg ions and 
positive b iases over the sub trop ical oceans. This leads us to 
speculate  that perhaps sim ilar deficiencies in the reanalysis 
assim ila tion  m odels and the clim ate m odel are responsib le  
fo r these errors. The m agnitude o f  these errors, how ever, is 
generally  sm aller in  the m odel (~ 1 4  W  m _ “ R M S error) 
th an  in  the reanalyses. It is likely that the good  perform ance 
o f  the m odel is due to tun ing  o f  the m o d e l's  param eteriza­
tion  tow ard  observed  R SU T  values o r closely  related  fields.
[22] W e also  investigated  how  sensitive ou r resu lts for 
R SU T  w ere w ith  respect to the particu lar years included  in 
ca lcu lating  the clim ato log ies. In  add ition  to 1 9 7 9 -1 9 9 9 , w e 
took  reanalysis c lim ato log ies over the E R B E  period  1985­
1989 (no t show n). K eeping  the observationa l base  periods 
unchanged  (Table 3), w e found that the resu lts w ere v irtually  
unchanged  using the new , m u ch  shorter tim e period used to 
fo rm  the reanalysis c lim ato log ies. The change in  g lobal 
R M S error am ounted  to  less than  ±1 W  m - “. We therefore 
conclude that a t least fo r this quantity , sam pling  uncertainty 
related  to  the specific cho ice o f  years is sm all com pared  to 
observationa l uncertain ties and  reanalysis errors.
5. Systematic Reanalysis Errors
[23] A s no ted  before , the general R SU T  error patterns 
exhibited  by  the reanalyses are largely  independen t from  the 
cho ice  o f  v a lida ting  o b serva tions , in d ica tin g  th a t these 
errors are real. M oreover, the patterns am ongst the d ifferent 
reanalyses are a lso  sim ilar. T his becom es m ore ev ident in  
the righ t co lum n o f  F igure 2, w h ich  show  fo r each product 
the average d ifference associated  w ith  the three observa­
tions. T his is iden tical to  tak ing  the d ifference b e tw e e n o n e  
reanalysis and  the m ean  over all observations (i.e., d°  = 
r  — o° =  r  — o°). In  o rder to isolate robust from  nonrobust 
features, w e perform ed a t test at the 95%  confidence level 
using the three d ifference m aps as independen t sam ples 
w ith  tw o degrees o f  freedom . A s indicated  by  the absence o f  
ha tch ing , m ost o f  the error patterns d iscussed  befo re are 
statistically  sign ifican t across all reanalyses. This suggests 
tha t reanalyses exh ib it com m on system atic errors for the 
quantity  R S U T
[24] It is now  o f  in terest to  find  ou t w hether the rean ­
alyses show  sim ilar com m on b iases in  quantities o ther than  
R SU T. I f  such  b iases w ere  found , th is w ou ld  create a 
situation  sim ilar to  the com m on system atic  b ias problem s 
know n  in the developm ent o f  clim ate  m odels, such  as the 
P ac ific  co ld -to n g u e  [K arn au skas e t a l., 2 0 0 7 ], doub le  
in te rtro p ica l co n v erg en ce  zone [M echoso e t a l., 1995], 
and  co ld  b iased  stratosphere [C ordero an d  F orster, 2006] 
phenom ena. S ince reanalyses are rou tine ly  used for the 
v a lid a tio n  o f  c lim ate  m o d e l ou tpu t, w e in ves tiga te  the 
natu re  o f  possib le system atic  errors in the reanalyses.
[25] W e define a system atic  error in  a particu lar quantity  
as the m ean  erro r over all rean a ly ses w h en  v a lida ting  
against the m ean  o f  all availab le  observations, i.e., d '°  = 
r  -  o°r =  t  -  o° for r  =  1 . . .  4  (i.e., exclud ing  G FD ). 
S im ilarly  as before , w e tested  the robustness o f  the results
by  perform ing  a t tes t at the 95%  level, now  using  the errors 
from  the four d ifferen t reanalyses as independen t sam ples. 
This test stra tegy  is sensitive to  errors that occur in  m ost 
reanalyses w ith  respect to  the m ean  observations. To the 
extent that the m ean  observations reflec t the real state o f  the 
atm osphere , those d ifferences can  b e  classified  as system ­
atic reanalysis errors. W e calcu lated  the annual m ean  d iffer­
ences for all 18 “ p h y sics"  quantities, the resu lt o f  w h ich  is 
show n in  F igure 3. In  o rder to  em phasize system atic  errors, 
nonsign ifican t d ifferences w ere rem oved  and  rep laced  by  
w hite  shading.
[26] F igure 3 dem onstrates the existence o f  system atic  
b iases in  a lm ost all tested  quantities. F o r exam ple, over 
m ost o f  the extratrop ics the reanalyses have  too little total 
c loudiness (CLT). C onsidering  that clouds are sim ulated  in  
the first genera tion  products (N N R  and  N D R ) by  a d iag ­
nostic  schem e and in  the new er products (E R A  and  JR A ) by  
a prognostic  schem e, CLT b iases that are com m on to all 
fou r p roduc ts  are so m ew h a t su rp ris ing . A s one w o u ld  
expect from  the im portan t contro l o f  clouds on  rad iation , 
these errors are to  som e exten t accom pan ied  b y  positive 
b iases in  shortw ave cloud rad iative forcing (C FST ), o u tgo ­
ing longw ave rad ia tion  at T O A  (R L U T ), and  dow nw elling  
shortw ave rad ia tion  at the surface (R SD S). (T he spatial 
coherence  am ongst the d ifferen t erro r patterns becom es 
m ore ev ident w hen  errors tha t do n o t pass the t tes t at 
95%  are also  considered .) O n  the o ther hand , there is som e 
ind ication  tha t the negative ex tratrop ical c loud iness b iases 
are associated  w ith  sam e signed b iases in  precip ita tion  
(PR ), ou tgo ing  shortw ave rad ia tion  at TO A  (R SU T ), and 
dow nw elling  longw ave rad ia tion  at the surface (R L D S). 
R eanalyses also  share a certa in  tendency  o f  too m u ch  
c lo u d in ess  in  the trop ics . T he co rresp o n d in g  anom aly  
clusters are accom panied  b y  physically  consisten t anom a­
lies in P R  and R S U T  (bo th  positive) and C FST  and RSD S 
(bo th  negative).
[27] We no te  that the existence o f  physically  consisten t 
b iases be tw een  c loudiness and  various rad ia tive  quantities is 
to som e extent expected , since the m ajority  o f  the validating  
observations for c loud iness and rad ia tion  w ere co llected  by  
the sam e observation  system s (C E R E S and ISC C P). O n the 
o ther hand , the good  agreem en t be tw een  the patterns o f  
c loudiness and  p recip ita tion  b iases, w h ich  w ere  derived 
from  independen t observation  system s, suggest that m ost 
o f  the above errors are real.
[28] O ther prom inent reanalyses biases are excessive upw ard 
longw ave radiation (R LU S) over oceans, w hich  is consistent 
w ith  too w arm  surface a ir tem peratures (TAS), and negative 
biases in  sea level pressure (PSL) over m any parts o f  the 
oceans. R eanalyses also  seem  to overestim ate b o th  latent 
(H FLS) and sensible (H FSS) heat fluxes over the K uroshio 
current, the G u lf stream , and o ther parts o f  the oceans.
6. Normalized RMS Errors
[29] We n ow  study the ind iv idual reanalysis products and 
their ability  to  m atch  the observations. B ecause o f  space 
lim itations, w e lim it this d iscussion  to  m ean  errors averaged  
o ver a few  large reg ions (G L , N H , TR, SH). O ur basic  
m easure o f  error is the norm alized  R M S error E, in troduced 
in section  3. This nond im ensional error m easure is useful
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PR PRW PSL
Figure 3. A nnual m ean com m on system atic b iases d '°  for the 18 " p h y s ic s” quantities. W hite  shading 
indicates nonsign ifican t (t test at 5%  error level) errors, and  grey  shading  indicates insuffic ien t data. 
B ecause o f  poor spatial coverage, TCOADS data  for TAS, H F L S , and H FSS w ere excluded  from this 
analysis. See Table 2 for units.
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Figure 4. N orm alized  R M S errors E  for (top) "p h y s ic s” and (bottom ) “ dy n am ics” quantities. A s 
indicated  by legend, errors in each field are b roken  dow n by reg ion  n (averages over all seasons), season s 
(averages over all reg ions), and valida ting  observations o (averages over all seasons and regions). Total 
num ber o f  va lidating  observations varies by quantity  (Table 2). Top row s in each group , entitled  " O B S ” 
and " R E A ,” respectively , show  E  m easured  am ongst m ultip le  observations o r reanalyses to p rov ide  a 
m easure o f  observational uncerta in ty  (not for TA since only sing le  observation  w as available).
w h en  c o m p a rin g  re su lts  from  d if fe re n t q u an titie s  and  
reg ions since all errors are expressed  in term s o f  their 
indiv idual, local, in terannual variabilities. F igure 4 illus­
trates the ou tcom e o f  the in tercom parison for the tw o groups 
o f  quantities: " p h y s ic s” (F igure 4 , top) and " d y n a m ic s” 
(F igure 4 , bottom ). E ach field show s co lo r coded values o f  
E  for a  specific variab le  and product, b roken  dow n by 
reg ion  (annual and observational m ean), season (global and 
observational m ean), and valida ting  observations (annual 
and g lobal m ean). T he errors cover m ore than  one  order o f  
m agn itude  (0.25 to 6), dem onstra ting  tha t the ability  o f  the 
reanalyses to  rep roduce  the c lim ato log ies o f  the observa­
tions varies w idely. In  Table S4 o f  the auxiliary  m a te ria l', 
the in terested  reader can  find the association  betw een  the 
fields 0 1 - 0 5  and the validating  observations.
6.1. Physics
[30] T he resu lts for the " p h y s ic s” quantities are further 
grouped  into variab les be long ing  to  the "su rfa c e ,” to the
'A uxiliary  materials are available in the HTML. doi:10.1029/ 
2007JD009278.
" tre e  a tm osphere ,” and to "c lo u d s  and rad ia tio n .” T he top 
row , labeled "O B S ,” show s E  w hen  valida ting  m ultip le  
observations for the sam e quantity  against each other. (This 
quantity  could  only be ca lcu lated  at grid  cells w ith m ultip le  
observations. B ecause o f  poo r spatial coverage, w e there­
fore excluded  data  from B SR N  and G E B A  from this type o f  
calculation . F or TA (zonal m ean  tem perature), only  one 
validating  observational data  set w as availab le  and thus 
it w as no t possib le  to derive an  uncertain ty  m easure.) It 
thu s rep re sen ts  a n o rm a lized  m easu re  o f  o bserva tiona l 
uncertain ty  that can  be  directly  com pared  w ith the errors 
for the reanalyses show n in the co lum ns below . T he general 
ru le  in in terpre ting  these resu lts is that the observational 
uncertain ties (O B S) are to lerab le  as long as they are sm aller 
than  the E  va lues o f  th e  reanalyses. F o r exam ple , the 
observational uncerta in ties rela tive to the reanalysis error 
va lues are very sm all for TAS, and large for TA U x, H FxS , 
PR , and R L D S (see Table 2). In  add ition  to E, w e docum ent 
in Table 4  the values o f  observational uncertain ty  in term s 
o f  the perhaps m ore com m on R M S error e.
[31] T he  " c lo u d s  and  ra d ia tio n ” g ro u p  o f  v a riab le s  
exh ib its the largest errors, as show n by the p redom inance
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Table 4. Regional Breakdown o f RMS Errors e Amongst 
Different Observations8
Variable GL NH TR SH Units
PR 0.82 0.55 0.99 0.65 mm/d
PRW 1.0 1.5 0.8 1.1 mm
CLT 10 11 10 9.0 %
CFLT 5.7 6.4 5.2 6.4 W m-2
CFST 10 11 8.8 11 W m-2
RLUT 6.0 4.9 6.8 5.4 W m-2
RSUT 9.7 9.2 11 7.8 W m-2
RLDS 13 15 12 12 W m-2
RLUS 14 14 15 14 W m-2
RSDS 17 16 14 21 W n T 2
RSUS 14 13 7.4 21 W n T 2
PSL 0.76 0.94 0.40 0.14 hPa
TAS 0.12 0.17 0.10 0.13 K
TAUU 1.6 1.8 1.6 1.7 10~2 N m-2
TAUV 1.7 1.7 1.7 1.8 10~2 N m-2
HFLS 20 16 24 13 W m-2
HFSS 6.8 7.2 4.7 9.6 W m-2
"Shown arc averages over the four seasons. Because o f  poor spatial 
coverage, ICOADS (only for TAS, HFLS, and HFSS), GHBA, and BSRN 
data were excluded from this analysis.
o f  w arm , redd ish  colors. M ost o f  the “ clouds and  rad ia tio n "  
quantities are ra ther w ell observable  from  space o r g round, 
lead ing  to  rela tively  sm all observationa l uncertain ties re la­
tive to  the reanalyses. E xceptions are the surface longw ave 
fluxes (R L xS), w h ich  fo r som e o f  the observations (ISCCP, 
C E R E S ) are h igh ly  derived  from  rad iative transfer codes. 
Som e o f  the largest errors o f  the reanalyses are associated  
w ith  to tal c loudiness (CLT). O w ing  to the im portance o f  
clouds fo r the optical p roperties o f  the atm osphere , the CLT 
prob lem  can  exp la in  m uch  o f  the errors seen  in  the rem ain ­
ing rad iative quantities, in  particu lar those  related  to short­
w ave rad ia tion  at the top o f  the atm osphere (R SU T, C FST) 
and at the surface (R SxS). T he errors seen  in CLT m ay  to 
som e extent also be  related  to  the lack o f  a com m only  
accepted  defin ition  o f  the critical op tical th ickness fo r a grid 
po in t to b ecom e a cloud. W hile  the defin ition  is reasonably  
close b e tw een  the tw o validating  data  sets (C E R E S  and 
I S c c p ) ,  it is unclear how  it varies am ongst the d ifferent 
reanalyses and  the m odel, and to  w hat extent this affects the 
ou tcom e o f  ou r com parison . N o te  that the large erro r seen  in  
N N R  fo r  sh o rtw av e  ra d ia tio n  re f le c ted  a t th e  su rface  
(R SU S) is a w ell-docum ented  prob lem  [K anam itsu e t a l. , 
2002; Weave, 1997],
[32] In  con trast to “ c louds and ra d ia tio n ,"  “ su rface"  
variab les exhib it m u ch  sm aller errors. F o r exam ple, sea 
level pressure (PSL ) is very  w ell reproduced  by  the rean­
alyses. T his, o f  course, is expected , since m ost available 
oceanic PSL  observations are assim ilated  in  m ore o r less the 
sam e w ay into all the reanalyses. T his and  the sm ooth ly  
vary ing  character o f  this field  lead  to  an  excellen t rep resen ­
ta tion  in  the reanalyses.
[33] The situation  is quite d ifferen t fo r surface air tem ­
perature (TA S), w h ich  is also  a w ell obseived  quantity  w ith  
sm all observationa l uncertain ties. C om pared  to this, the 
reanalyses errors associated  w ith  TAS are large. T his is 
som ew hat su rprising , since fo r o ver 70%  o f  the g lobe, 
surface air tem peratures are tigh tly  coupled  to  sea surface 
tem peratu res (SSTs), and since SSTs are p rescribed from  
observations to  the reanalyses. M ore detailed  analysis (not
show n) indicates that the TAS errors occu r m ostly  over 
land , w here there is no  benefic ia l effect o f  p rescrib ing  
perfect SSTs. O v er land, one also  has to keep in  m ind  that 
TAS depends on  the he igh t o f  the observations. D epending  
on  how  realistic topography  is rep resen ted  in  the d ifferent 
m odels, certa in  d iscrepancies w ith  respect to TAS observa­
tions are to  be  expected.
[34] O verall, there  ex ist im portan t d ifferences in  how  
faithful the d ifferen t reanalyses rep roduce observed  clim ate 
fo r the “ p h y s ic s"  quan tities. M ost no tab ly , the second  
genera tion  reanalysis E R A  perform s consisten tly  w ell, and 
in  m ost quantities b e tte r than  any o ther product. The only  
m ajo r excep tion  from  this ru le is trop ical p recip ita tion  (PR ), 
w here E R A  perform s w orse th an  any o ther product. E ven  
the m odel (G FD ) p roduced  p recip ita tion  is m ore close to  the 
observations than  E R A . F u rther inspection  (see also  Tables 
S 5 -S 8 )  reveals that E R A  consisten tly  p roduces excessive 
precip ita tion  over the tropics, a  m ajo r deficiency w hich  has 
a lready  b een  docum ented  before [Tvoccoli an d  K allbevg, 
2004],
[35] F o r JR A , the m ost recen t reanalysis, the situation  is 
inconclusive. C om paring  JR A  to the o ther products, the 
errors in  TAS and PR  are sm all, b u t considerab le  b iases 
exist fo r som e o ther quantities, such  as H FSS, R LU T, and 
R LD S.
[36] F igure 4 also illustrates the perform ance o f  the m odel 
(G FD ). F o r som e quantities, such  as surface tem perature  
(TA S), a ir tem perature  (TA), and sea  level p ressure (PSL), 
the m odel exh ib its m uch  la rger b iases th an  the reanalyses. 
F o r m ost o ther quantities, how ever, the m odel is as good  as 
o r even  b e tte r than  the reanalyses. T his is unexpected , 
considering  that the reanalyses are strongly  constrained  by  
observations, w hereas the (coupled) m odel is not. T he good 
perform ance o f  the m odel com pared  to the reanalyses is 
m ost ev iden t in  rad iative quantities. H ere, reanalyses are 
probably  least constrained  b y  observations. O n  the o ther 
hand , tun ing  tow ard  observed  clim ato log ies, as w ell as 
m odern  param eterization  packages are the likely  reasons 
w hy the m odel achieves such  realistic  clim atologies.
6.2. Dynam ics
[37] F igure 4 (bottom ) show s the errors in  rep roducing  
the “ d y n am ics"  group  o f  quantities. T his group  w as va li­
dated  against E R A  since observations w ere unavailable. 
S im ilarly  to  before , the top row , now  labeled  “ R E A ,"  
re p re se n t a m easu re  o f  uncerta in ty . It sh o w s E  w h en  
com paring  the fou r reanalyses against each  other.
[38] T he e rro rs and  unce rta in tie s  in  th e  “ d y n a m ic s"  
quantities are m u ch  sm aller than  those in  the “ ph y sics"  
quantities seen  before. A t least three reasons m ay  help  to 
exp lain  this reduction . F irst, reanalyses rely  on  sim ilar upper 
a ir observations. A lthough  the details in  how  th is in fo rm a­
tion  is assim ilated  in to  the reanalyses d iffer from  product to 
product, this should  help  to  m ake the “ d y n am ics"  o f  the 
reanalyses sim ilar to  each other. Second , dynam ical quan ­
tities o f  the free atm osphere exh ib it sm aller spatia l and 
tem poral g rad ien ts than  the “ p h y sic s"  quantities, m ak ing  it 
is easier to  rep roduce these fields. T hird , E R A  data  are used 
fo r verification , w ith  the consequence that system atic  errors 
in  th e  “ d y n a m ic s "  q u a n ti tie s  re m a in  u n d e te c te d . As 
expected , the m odel generally  does no t perform  as w ell as 
the reanalyses, except fo r M M C  and VA.
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Figure 5. U ncertain ty  ratio  o  for (a) “ physics”  and 
(b) “ d ynam ics”  quantities derived from (black) reanalyses 
and  (red) the m odel. C ircles denote  average  a , and vertical 
line  sh o w s th e  ran g e  o f  o u tco m es  u s in g  in d iv id u a l 
reanalysis, m odel, and reference data. A ll quan tities are 
for the g lobal dom ain  and averaged  over the four seasons.
[39] Specific hum idity  (H U S) is the only  quantity  w hich 
exh ib its considerab le  errors (E  ~  4 ) w ith in  th is group  o f  
quantities. W e orig inally  p lanned  to  validate  H U S  against 
d a ta  from the A IR S  instrum ent [Chahine e t a l., 2006], but 
later w e decided  against it because o f  large and inconsistent 
d iscrepancies betw een  data  from A IR S and the reanalyses, 
casting  doub ts on the valid ity  o f  A IR S data  as reference for 
H U S. W e no te  as possib le  explana tion  the relatively  short 
tim e period o f  A IR S (2 0 0 2 -2 0 0 6 ) , m ak ing  the calculation  
o f  dependab le in terannual variab ility  difficult. M oreover, 
the A IR S in stium en t is unab le  to m easure through clouds, 
in tro d u c in g  a d d itio n a l b ia se s  in to  th e  H U S  estim a tes . 
D espite those  difficulties, it is probably  useful to  m ention 
tha t G FD  and ERA  exhib it sm allest and N N R  and N D R  
largest H U S  errors (E  ~  6) w hen  valida ting  against A IR S. 
Spatially , all five p roducts seem  to reproduce the A IR S 
observations better in the Tropics than  in the extratropics.
[40] Tables S I - S 3  o f  the auxiliary  m aterial p rov ide for all 
quan tities tabu lated  va lues o f  the R M S errors e  and the 
observed  in terannual variab ilities. In  add ition . Tables S 5 -S 8  
o f  the auxiliary  m aterial g ive num erical va lues o f  the m ean 
b iases b, stratified by reg ion , va lida ting  observation , and 
season. C onsis tency  or inconsistency o f  the sign and  m ag­
nitude o f  b  across the d ifferen t observations (for the sam e
product) and  across d ifferen t p roducts (for the sam e obser­
vation) g ives add itional c lues o f  how  realistic the d iagnosed  
uncertain ties and  errors are.
7. Uncertainty Ratios
[41] W e now  investigate  quantita tively  the m agnitude o f  
the observationa l u ncerta in ties in com parison  to  typical 
reanalyses and m odel errors E. A s m en tioned  before, the 
observational uncerta in ties are to lerable as long as they  are 
sm aller than the errors o f  the data  to  be verified , o r in o ther 
w ords, as long as the ratio  betw een observational u n ce r­
tain ty  and  reanalysis error is less than  unity. W e call this 
nu m b er the uncertain ty  ratio , and denote  it a .
[42] F igure 5a show s the average o  and its range o f  
va lues for the “ ph y sics”  quantities. H ere, o  is defined  as 
the ratio  betw een  the average E  am ongst d ifferen t observa­
tions and the average E  from the reanalyses/m odel validated  
against the observations. The range, w hich is the resu lt from 
pairing  d ifferen t reanalyses o r the m odel w ith d ifferen t 
va lida ting  observations, is an ind ica to r o f  how  sim ilar the 
uncertain ties betw een  the various p roducts are. In  m ore 
m athem atical term s, the black signatures rep resen t the m ean 
and the range o f  E q b s I E r e a  vs. o b s *  w here the three dots 
indicate w hich quantity  w as varied  to calculate the range 
o f  outcom es. S im ilarly, the red signatures represen t EOBS/
EgFD vs. OHS-
[43] F o r the reanalyses (black signatures), the uncertain ty  
ratio  is in m ost cases sm aller than  one. N otab le  excep tions 
are quan tities located to  the very  righ t o f  the graph, such as 
sea level p ressure (PSL ), as w ell as radiative (R L U S) and 
nonrad ia tive  (H FxS , TAU x) surface flux quantities. The 
ra th e r h igh u n ce rta in ty  ra tio  fo r sea  level p ressu re  is 
ex p ec ted , since  it is a  w ell o b se rv ed  q u an tity  th a t is 
assim ilated  in sim ilar w ays into all the reanalyses. The 
situation  for the surface fluxes is ju s t the opposite: these 
quantities are usually  no t directly  observab le , lead ing  to 
high uncerta in ties in their observational estim ates.
[44] F o r the m odel (red signatures), the ratios tend to  be 
som ew hat larger (excep t PSL ), w hich is ju s t ano ther sign 
that the m odel is perform ing  often  as w ell as o r even better 
than  som e o f  the reanalyses.
[45] F igure 5b show s the uncertain ty  ratios for the “ d y ­
n am ics”  quantities. S ince in this case no observations w ere 
availab le , w e calculated  o  from “ reanalysis uncerta in ties”  
(from  com paring  d ifferen t reanalyses against each other) and 
from “ reanalysis  e rro rs” (w hen  v a lida ting  aga in s t E R A ) 
(both show n in F igure 4), i.e., o  =  Erea/E reavs.era• Now, 
o  for the reanalyses (black signatures) is close to one, 
sim ply ind icating  that the reanalyses are sim ilar to  each 
other. T he ratios for the m odel (red circles), w hich w ere 
calculated  accord ing  to o  =  EreJ E gfdvs.era- are m uch 
sm aller than  one, excep t for the m erid ional w inds (VA, V 850) 
and the closely  related  m erid ional m ass stream  function 
(M M C ). N ote that in this case no  error bars are d isp layed  
since only one m odel realization  w as available. W e conclude 
that for m ost “ dy n am ics” quantities the reanalyses agree 
m ore w ith each o ther than w ith the m odel. S ince the 
“ dy n am ics” o f  the reanalyses are strongly  constrained by 
u pper a ir observations, it is reasonable to assum e that 
reanalyses are m ore reliab le  than  m odel data. T herefore, it is
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Figure 6. N orm alized  R M S errors E  w hen  validating  
against the m ean  o f  all availab le  observation , averaged  over 
all (left) “ p h y sic s"  and (right) “ d y n am ics"  quantities. A s 
indicated  b y  legend , errors are show n by  ind iv idual reg ion  
n, season s, a long  w ith  th e ir respective  averages. F ields in 
low er r igh t corners arc g lobal and  annual averages.
in  m ost cases safe to  va lida te  clim ate m odel ou tpu t against 
reanalyses.
8. Combined Errors
[46] W e fin ish  this pap er b y  prov id ing  a com parison  o f  
the com bined  errors seen in  the clim ate m ean  states o f  the 
d ifferen t reanalyses and the m odel. To th is end, w c average 
the norm alized  R M S errors from  each  p roduct across the 
d iffe ren t c lim ate  quan tities. A rguably , there  is no d e a r  
physical m ean ing  associated  w ith  the average e rro r across 
d ifferen t clim ate quantities, b u t th is p rocedure convenien tly  
p rov ides a  first-o rder estim ate o f  overall error. W e ju s tify  
o u r approach  by  u tilizing  norm alized  erro r quan tities w hen 
averag ing , w h ich  ensures tha t each  quantity  is w eigh ted  
rough ly  equally  in  the final result. W c also no te  tha t a  very  
sim ilar approach  has b een  used b y  us [R eichler an d  K im , 
2008] and  o thers [M urphy e t al., 2004] in  th e  con tcx t o f  
clim ate m odel validation .
[47] F igure 6 show s the com bined  reanalysis and  m odel 
e rro rs , w h ich  arc  ag a in  sep a ra ted  in to  “ p h y s ic s "  and 
“ d y n am ics"  quantities. In o rder to b e  b e tte r ab le  to em pha­
size d ifferences, the co lo r schem es w ere  m od ified  w ith  
respect to  F igure 4. W here applicab le , the m ean  o v e r all 
av a ilab le  o b se rv a tio n s w as used  fo r th e  v a lida tion . A s 
indicated  b y  the legend, the fields fo r each  p roduct arc 
su b d iv id ed  in to  e rro rs  fo r th e  fo u r seaso n s , th e  th ree  
reg ions, and averages thereof. T his show s how  the com ­
b ined  errors vary  in  spacc and tim e o f  the year.
[48] W ith  re sp ec t to  th e  “ p h y s ic s"  q u an titie s , N N R , 
N D R , and JR A  share som e im portan t features. F o r exam ple, 
the com bined  errors in all th ree reanalyses are largest over 
the SH , in  particu lar during  spring  (SO N ) and sum m er 
(D JF). W e assum e that desp ite  the assim ilation  o f  space- 
b o rn e  o b se rv a tio n s  in to  th e  rean a ly ses, th e  scarc ity  o f  
ground-based  observations is responsib le  fo r the relatively  
large errors o v e r this part o f  the w orld . T he m odel (G FD ) 
also exhib its largest com bined  errors over the SH  during
sum m er. O ver the N H , N D R  and  JR A  also show  a tendency  
o f  largest errors during  spring (M A M ) and  sum m er (JJA ). It 
is n o t cxactly  d e a r  w hy  th e  errors during  the “ q u ie t"  
seasons tend  to b e  largest, b u t w e speculate  tha t during  this 
tim e o f  the y ear the a tm osphere is less governed  b y  sim ple 
geostrophic  balancc . R ather, o ther m ore  com plicated  effects 
like convcctivc activ ity  b ecom e m ore  im portan t in  deter­
m in ing  th e  state o f  the atm osphere . In teresting ly , E R A  
perform s consisten tly  w ell during all seasons and o v er all 
regions.
[49] F o r the “ d y n am ics"  quantities, JR A  is m ost sim ilar 
to  E R A , w hereas the m odel show s largest d iscrepancies 
w ith  respect to  E R A . In  the trop ics, N N R  exhib its ra ther 
larger d ifferences w ith  rcspcct to  E R A . N D R  and JR A  do 
n o t have  such  large b iases in the trop ics, suggesting  tha t the 
d ifferences o f  N N R  in the trop ics arc real errors.
9. Summary and Conclusions
[so] T he presen t study  prov ided  a  system atic  assessm ent 
o f  uncerta in ties con ta ined  in  the  clim ate  m ean  sta te  o f  
g lo b a l o b se rv a tio n s , fo u r rean a ly s is  p ro d u c ts , and  one 
sta te-of-the-art clim ate  m odel. The study w as gu ided  by  
the need  to  b e tte r understand  the reliab ility  o f  g lobal clim ate 
data  sets in  the con tcx t o f  clim ate m odel validation . The 
investigation  w as based  on  18 “ p h y sic s"  quantities, for 
w h ich  in m o s t eases, m ultip le  observations w ere  available. 
A dditionally , w c included  13 “ d y n am ics"  quantities, using 
E R A  reanalysis as a  reference.
[51] In a m an n er sim ilar to  clim ate m odels, reanalyses 
exh ib it s ign ifican t system atic errors in  a lm ost all clim ate 
quantities investigated . W e speculate  tha t sim ilar uncerta in ­
ties in  the fo rm ulation  o f  the d ifferen t assim ilation  m odels 
are the underly ing  cause fo r such  system atic errors. By 
b reak in g  n o rm alized  ro o t m ean  square  erro rs dow n b y  
season, reg ion , and validating  observations, w c dem onstra t­
ed th a t the ability  o f  reanalysis to  rep roduce  the observed  
clim ate m ean  state is a strong function  o f  the ind iv idual 
p roduct and the quantity  under consideration . The largest 
errors w ere found  in rad ia tive  quantities, and o ften  the 
couplcd  m odel ou tpu t w as c loser to  the observations than  
som e o f  the reanalyses.
[52] U su a lly , th e  o b s e rv a tio n a l u n c e r ta in t ie s  w e re  
sm aller than  the reanalyses o r m odel errors. H ow ever, 
for som e surface flux quantities the uncertain ties w ere as 
large as the errors them selves. In  th is ease, the resu lts o f  
th e  c o m p a riso n  are  am b ig u o u s: E ith e r th e  re an a ly se s  
perform  particularly  w ell o r  (som e of) the observations 
are poor. O verall, the  clim ate m ean  state p roduced  by  the 
E R A  reanalysis m atched  b es t th e  availab le  observations. 
F o r d y n am ica l q u an titie s  o f  the  free  a tm o sp h ere , th e  
d iscrepancies am ongst the reanalyses w ere usually  m u ch  
sm aller than  the d ifferences be tw een  m odel and  reanalyses. 
N otab le  cxccptions w ere m erid ional c ircu lation  quantities 
and specific hum idity .
[53] O ne o f  the m ain  challenges o f  th is study  w as the lack 
o f  accurate  va lida ting  observations. W e tried  to am eliorate 
th is p rob lem  b y  using m ultip le  observations and b y  quan ­
tify ing  observationa l uncertainty. H ow ever, there  w ere ad ­
d itional p rob lem s, like the o ften  inadequate  g lobal and /o r 
tem poral coverage o f  the observations, and the uncertain ty  
to  w hat ex ten t the observations have  already  b een  assim i-
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latcd in to  the reanalyses. A no ther caveat o f  th is study  w as 
the som ew hat arb itrary  choicc o f  clim ate  quantities, w hich  
w ere  no t sclcctcd  b y  physical reason ing , b u t m andated  by  
the availab le  observations. O ne o f  the consequences w as 
tha t the erro r in fo rm ation  contained  in  the d ifferen t clim ate 
quan tities w as to  som e ex ten t redundant. A n  exam ple o f  this 
can  b e  seen from  the sim ilarity  be tw een  the resu lts fo r zonal 
m ean  m erid iona l w ind  and  the m erid iona l m ass stream  
function. We last no te  tha t th is study w as solely  focused 
on  the clim ate  m ean  state. M ean  clim ate, how ever, is ju s t 
one particu lar aspect o f  clim ate, and variab ility  and  long ­
term  trends are at least as im portan t in  the con tex t o f  clim ate 
research.
[54] W e w ere  som ew hat surprised  by  the good  perfor­
m ance o f  the clim ate m odel (G FD ) in  com parison  to  the 
reanalyses. W e found  in  a  d ifferen t study  [R eichler an d  
K im , 2008] tha t th is particu lar clim ate  m odel sim ulates a 
very  realistic clim ate  in  com parison  to o ther m odels, b u t the 
p resen t study  show ed  th a t th is  m o d e l so m etim es even  
surpasses th e  quality  o f  reanalyses. S ince fu rther m odel 
im provem ents are expected  in  the fu ture, th is seem s to 
suggest tha t it w ill soon  be  d ifficu lt to find  appropriate  
va lida tion  data  fo r m odels. A s w e have seen, this p rob lem  is 
a lready real w ith  respect to  surface fluxes and som e other, 
dynam ical quantities. In  th is study, w e tried  to  deal w ith  this 
p rob lem  by  averag ing  across m u ltip le  da ta  sets fo r the sam e 
quantity . The rationale  beh ind  th is is tha t the averaging 
p rocedu re  filte rs th e  erro rs to  the  ex ten t th a t th ey  are 
random ly  d istribu ted  about the truth.
[55] In  sum m ary , th e  uncerta in ties  o f  rean a ly ses  and  
observations are som etim es large w ith  respect to  m o d em  
clim ate m odels, lead ing  in  ex trem e cases to  situations w here 
a m ean ing fu l va lida tion  o f  m odel ou tpu t canno t b e  accom ­
plished. T his underlines the need  fo r b e tte r clim ate obser­
vations, and  it raises th e  expectation  fo r a  fu ture reanalysis 
p ro ject w ith  im proved  perform ance.
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